Aim: To investigate whether the combination of fluvastatin and losartan synergistically relieve atherosclerosis and plaque inflammation induced by a high-cholesterol diet in rabbits. Methods: Atherosclerosis was induced with a high-cholesterol diet for 3 months in 36 New Zealand white rabbits. The animals were randomly divided into model group, fluvastatin (10 mg·kg
Introduction
A growing body of evidence has suggested that blood lipid metabolism disorders and angiotensin II (Ang II) have synergistic effects on the occurrence of atherosclerosis, and the combination of dyslipidemia and the activation of the reninangiotensin system (RAS) plays an important role in the pathogenesis of atherogenesis [1] . Oxidized low-density lipoprotein (ox-LDL) can upregulate the expression of the angiotensin II type 1 receptor (AT1R) on the surface of endothelial cells and macrophages [2] [3] [4] . Ang II facilitates LDL oxidization and uptake by endothelial cells, smooth muscle cells and macrophages [5] . Angiotensin II also increases the oxidative stress response, which leads to the production of reactive oxygen species (ROS) and the aggravation of atherosclerosis. It is common to use a combination of a statin and an angiotensin II type 1 receptor blocker (ARB) to treat hypertensive patients with lipid metabolism disorders. However, few studies have been reported in regards to the underlying molecular mechanisms. Recent studies have shown that the combination of an HMGCoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase inhibitor and an ARB has a better effect on relieving the severity of atherosclerosis and down-regulating the expression of lectin-like oxidized low density lipoprotein receptor-1 (LOX-1) than the use of a single drug [6] . Our previous study showed that angiotensin II plays an important role in the pathogenesis Combination of fluvastatin and losartan relieves atherosclerosis and macrophage infiltration in athero sclerotic plaques in rabbits [7, 8] . In addition, Han et al and Koh et al also demonstrated that the combination of simvastatin and losartan has vascular protective effects [9, 10] . These studies indicated that the combination of simvastatin and losartan may play an important role in preventing the progression of coronary heart disease. However, little is known about the exact role of the combination of statins and ARBs in the formation of atherosclerotic plaques and its effect on the inflammation of plaques. With these considerations in mind, our present study was designed to develop an atherosclerosis model by feeding rabbits with high-fat food and to investigate the effects and mechanisms of the combinational use of fluvastatin and losartan on the development of atherosclerosis and inflammation within the atherosclerotic plaques.
Materials and methods

Atherosclerosis model
New Zealand white rabbits (weight: 1.5-1.63 kg) were provided by the Institute of Animal Science and Veterinary Medicine, Shandong Academy of Agriculture Sciences (Shandong, China). The rabbits (n=36) were provided with regular food for 1 week and were subsequently provided with highcholesterol food (1% cholesterol and 5% pig oil particles) for 3 months to generate the atherosclerosis model. The 36 rabbits were randomly divided into 4 groups. The high-cholesterol group (CH) contained rabbits (n=9) that were provided with high-cholesterol food without other treatments. The fluvastatin group (F) contained rabbits (n=9) that were provided with high-cholesterol food and fluvastatin (10 mg·kg -1 ·d -1 ) (Novartis, Beijing, China). The losartan group (L) contained rabbits (n=9) that were provided with high-cholesterol food and losartan (25 mg·kg -1 ·d -1 ) (Merck Sharp & Dohme, Hangzhou, China). The fluvastatin and losartan combination group (F+L) contained rabbits (n=9) that were provided with highcholesterol food and treated with a combination of fluvastatin (10 mg·kg ·d -1 ). Both drugs were administered in the food [11] [12] [13] . An additional 8 rabbits were provided with regular food to act as a negative control group for comparison with the occurrence of atherosclerotic plaques induced by high-cholesterol food.
Total cholesterol and LDL-cholesterol analysis Blood samples were drawn from the marginal ear vein after the 16-week treatment period. Total cholesterol (TC) and LDL-cholesterol concentrations were evaluated by enzymatic assays (Sigma Diagnostics).
Pathological examination and immunohistochemistry
The rabbits were anesthetized by an intramuscular injection of ketamine (35 mg/kg)/xylazine (7 mg/kg) and local anesthesia of the inguinal region by lidocaine. The thoracic aorta was separated, and the upper section was stored in liquid nitrogen. The lower sections of the arteries were fixed in 4% formaldehyde and embedded in paraffin. Sections (5 μm) were cut for the analyses of macrophage infiltration, smooth muscle cells (SMCs) and MCP-1 expression. Macrophage infiltration, smooth muscle cells (SMCs) and MCP-1 protein expression were measured by immunohistochemistry. In the macrophage infiltration analysis, the sections were incubated with mouse anti-macrophage antibody (RAM11) (DAKO, USA). The SMCs and MCP-1 protein were incubated with mouse antihuman antibody (Santa Cruz, USA). The first antibody was cultured overnight at 4 °C. After extensive washing, the sections were incubated with biotin-conjugated goat anti-mouse IgG antibody. Visualization of the sections was performed with the SABC staining kit (Santa Cruz, USA). Staining for the macrophages, MCP-1 and SMCs was performed in a similar way. A customized imaging analysis system (Image-Pro Plus 5.0, Media Cybernetics, USA) was used to analyze the immunohistochemical results. The thickness of the intima and media of the thoracic aortas and positive staining in immunohistochemistry were analyzed using the imaging processing software.
RT-PCR
The total RNA was extracted from the rabbits in each group using the Trizol kit (Invitrogen, Carlsbad, CA). The concentration of RNA was measured by an ultraviolet spectrophotometer. Reverse transcription was performed in a total volume of 20 μL. The total RNA (1.5 μL) was mixed with DEPC water (8 μL) and denatured at 72 °C for 10 min followed by incubation on ice for 5 min. The RNase inhibitor (50 U/L) (0. The PCR products were electrophoresed on a 1.5% agarose gel. The PCR products of the GAPDH gene were used as an internal control, and the relative expression of the MCP-1 gene was calculated as an OD value of the MCP-1 PCR products/ GAPDH products.
Western blot
The aortic tissues were homogenized in a Tris-HCl buffer and centrifuged at 4000 r/min for 10 min at 4 °C. Protein concentrations were determined using a bicinchoninic acid protein assay. The lysate proteins from the aortas were separated with 10% SDS-PAGE gels and were subsequently transferred onto nitrocellulose membranes. After being blocked with 5% non-fat milk, the membranes were incubated with primary antibodies to mouse p38 MAPK (Cell Signaling Technology) followed by the corresponding horseradish peroxidase-conjugated secondary antibodies. The bands were visualized by an MSF-300G Scanner (Microtek Lab, Nikon, Japan).
Statistical analysis
Data were analyzed using an ANOVA procedure. A P<0.05 was considered statistically significant. Data were presented as the mean±SD. SPSS for Windows Version 10.0 (SPSS Inc, Chicago, IL, USA) was used for the statistical analysis.
Results
Blood cholesterol level After 4 months of high-fat feeding, the administration of fluvastatin alone and the combination of fluvastatin and losartan decreased the total cholesterol and LDL-cholesterol levels (P<0.01). The total cholesterol and LDL-cholesterol levels were not significantly different between the losartan group and the high-cholesterol group, indicating that losartan alone had no significant effect on the total cholesterol and LDLcholesterol levels ( Figure 1A, 1B) .
The effects of fluvastatin and losartan on plaque morphology To further study the inhibitory effects of fluvastatin and losartan on atherosclerosis, we measured the intimal thicknesses, the ratio of intima to media thickness (I/M) and the lipid content after treatment with fluvastatin and losartan. The intimal thickness and the ratios of intima to media thickness (I/M) were lower in the individual fluvastatin and losartan groups than in the high-cholesterol group (P<0.01, Figure 1C , 1D, Table 1 ). The intimal thickness and the ratio of intima to media thickness (I/M) were further decreased by the combination of the two agents (P<0.01) [note that the combination of fluvastatin and losartan had a greater atherosclerosisreducing effect than fluvastatin or losartan alone ( Figure 1C , 1D, Table 1 )]. The lipid contents were statistically lower in the individual fluvastatin and losartan groups than in the highcholesterol group (P<0.01). Furthermore, the lipid content was markedly lower in the combination group than in the individual fluvastatin and losartan groups (P<0.01, Figure 2A , 2B).
The effect of the combination of fluvastatin and losartan on decreasing macrophages in atherosclerotic plaques To further study the effect of fluvastatin and losartan on regulating macrophages in atherosclerotic plaques, we performed immunohistochemical analysis and observed macrophage changes after treatment with fluvastatin and losartan. A large number of macrophages were present in the atherosclerotic plaques of the high-cholesterol group compared to the fluvastatin group and the losartan group, which demonstrated a small number of macrophages. This indicated that fluvastatin or losartan alone was able to reduce macrophage infiltration in the atherosclerotic plaques (P<0.01, Figure 2C , 3B, Table  2 ). The macrophages in atherosclerotic plaques were further reduced by the combination of fluvastatin and losartan, which demonstrated that the combinational treatment had a greater macrophage-reduction activity within the atherosclerotic plaques (P<0.01, Figure 2C , 3B, Table 2 ). 
SMC expression in the four groups
The proliferation and migration of SMCs is one feature of early atherosclerotic lesions. To study the effect of fluvastatin or losartan on the expression of SMCs in atherosclerotic plaques, we observed α-actin-positive vascular smooth muscle cells in atherosclerotic plaques among the four groups. There were no significant differences among the four groups ( Figure 5A ).
p38 MAPK protein expression in the four groups
Western blot analysis showed that p38 MAPK protein expression was present in the atherosclerotic plaques of the highcholesterol group. Both fluvastatin and losartan alone significantly attenuated p38 MAPK expression (P<0.05 vs the HCdiet group). Furthermore, the combination of fluvastatin and losartan further reduced p38 MAPK protein expression within the plaques compared to either fluvastatin or losartan alone (P<0.05 vs fluvastatin or losartan alone) ( Figure 5B, 5C ).
Discussion
In this study, we explored the effect of fluvastatin or losartan and the combinational treatment with these two drugs on the extent of atherosclerosis and inflammation of atherosclerotic plaques in our constructed animal model [14] . This atherosclerosis model was induced by feeding on a high-cholesterol diet and treating the animals with fluvastatin or losartan or a combination of the two drugs.
We have shown that after treatment of the atherosclerotic rabbits with either fluvastatin or losartan, the severity of atherosclerosis and the number of macrophages in the atherosclerotic plaques decreased. More importantly, treatment of the atherosclerotic rabbits with a combination of fluvastatin and losartan further reduced the severity of atherosclerosis and decreased the number of macrophages and MCP-1 expression compared to the administration of fluvastatin or losartan alone. These results suggested that combinational use of fluvastatin and losartan was more efficient in treating atherosclerosis and inflammation, which ultimately results in the stabilization of the plaques and decreases the occurrence of acute coronary syndrome. Our results are consistent with a previous report [15] in which the combination of pravastatin and captopril further reduced the macrophage-foam cell size and fatty streak area compared to the individual use of either pravastatin or captopril [8] . Previous studies showed that the combination of rosuvastatin and candesartan further reduced the severity of atherosclerosis and the expression of lectin-like ox-LDL receptor-1 (LOX-1), which is a receptor for oxidized low-density lipoprotein, compared to the administration of rosuvastatin or candesartan [16] separately in mice. A growing body of evidence has indicated that lipid metabolism disorders and angiotensin II have a synergistic effect on the occurrence of atherosclerosis. Hypercholesterolemia can up-regulate the expression of AT1R and angiotensin converting enzyme at both the mRNA and protein levels, which increases production of angiotensin II [17, 18] . Angiotensin II not only enhances the transformation of LDL to ox-LDL by increasing the production of ROS but also has a direct effect on the ox-LDL receptor, LOX-1 [19] . Previous studies have demonstrated that angiotensin II increased the expression of LOX-1 in a dose-dependent manner when coronary endothelial cells were incubated with different concentrations of angiotensin II. In addition, an AT1R blocker (losartan) down-regulated the expression of LOX-1 while an AT2R blocker (PD123319) did not inhibit the expression of LOX-1. These results suggest that angiotensin II-induced expression of LOX-1 is mediated by AT1R [20] . Further studies have shown that angiotensin II can activate NF-kappaB, which in turn activates the promoter of the LOX-1 gene and up-regulates the transcription of LOX-1 [21] . Chen J et al showed that rosuvastatin and candesartan alone had inhibitory effects on LOX-1 expression in the atherosclerotic plaques, whereas a combination had a dramatic inhibitory effect on LOX-1 expression. In addition, the author demonstrated that the combination of a statin and an AT1R blocker inhibited p38 mitogen-activated protein kinase (MAPK) expression, which indicates that the antiatherosclerotic effect of combination therapy may be due to the inhibition of LOX-1 protein expression and p38 MAPK expression [15] . MCP-1 is an important chemokine and plays a critical role in monocyte aggregation. Previous studies showed that statins (eg, simvastatin) significantly reduced the MCP-1 level in monocytes in vitro [12] . In addition, angiotensin II receptor blockers (eg, irbesartan) can also decrease the expression of MCP-1 and relieve the extent of atherosclerotic plaques [22, 23] . However, less synergistic effects on the expression of MCP-1 were observed by the combination of statins and ARB. Our current study further explored the effects of a combination of fluvastatin and losartan on the expression of MCP-1 to identify the potential anti-inflammatory mechanisms. Our results showed that a combination of fluvastatin and losartan further reduced the expression of MCP-1 on both the gene and protein levels compared to individual treatment with either fluvastatin or losartan. Because the aggregation of inflammatory cells is a consequence of multiple factors, decreased expression of MCP-1 might only represent one of the mechanisms by which combinational treatment exerts its additive anti-inflammatory effects.
The activation of p38 MAPK by ox-LDL and angiotensin II in vascular smooth muscle cells has been reported. It was found that the activation of p38 MAPK was involved in the ox-LDL-and angiotensin II-induced up-regulation of MCP-1 in vascular endothelial cells and in hyperlipidemia-induced atherosclerosis. Our study found that while fluvastatin and losartan alone could significantly decrease p38 MAPK expression and phosphorylation, a combination of the two drugs demonstrated a synergistic effect. Our results suggest that decreased p38 MAPK expression and phosphorylation as a result of combinational treatment may play an important role in inhibiting atherosclerosis.
In conclusion, our studies showed that the combination of fluvastatin and losartan further reduced the severity of atherosclerosis compared to the individual use of either fluvastatin or losartan. These results demonstrated that a synergistic antiinflammatory effect is mediated by the combinational use of fluvastatin and losartan by inhibiting RAS and p38 MAPK expression and phosphorylation. This combination therapy may play an important role in preventing the progression of coronary heart disease.
